A comparative study was made of the growth and nitrogen fixation of nickel-depleted and nickel-supplemented cultures of the cyanobacterium Anabaena cylindrica. Four sets of growth conditions were used, involving both dark/light and continuous light regimes, anaerobic and aerobic conditions, light limitation and supplementation of the gas phase with hydrogen. In each case nickel-containing cells had an active hydrogen uptake capacity whereas nickeldepleted cells did not. These differences in hydrogenase activities did not correlate with differences in acetylene reduction and growth rates, or fixed nitrogen, phycocyanin or chlorophyll contents. It is concluded that under the growth conditions used the capacity of cells to consume hydrogen gas confers no advantage to the organisms in terms of their growth rates and nitrogen fixation.
I N T R O D U C T I O N
The availability of inorganic nitrogen by dinitrogen fixation limits biological productivity in most regions of the Earth more than that of any other element (Postgate, 1978) , hence the considerable research effort devoted to understanding and overcoming inefficiencies in the process (Phillips, 1980) . The energetic efficiency of nitrogen fixation is potentially lowered because of the fact that nitrogenase produces hydrogen gas as an inevitable consequence of the process (Mortenson, 1978; Phillips, 1980; Lambert & Smith, 1981; Eisbrenner & Evans, 1983) , which is thought to have the following stoicheiometry: N2 + 8H+ + 16ATP + 8 e + 2 N H 3 + H2 + 16ADP + 16P, In many nitrogen fixers hydrogen is efficiently recycled by means of an hydrogenase enzyme (commonly referred to as an uptake hydrogenase) which has been assumed to enhance nitrogenase function by recouping ATP and reductant which would otherwise be wasted, by scavenging oxygen at the site of the enzyme and possibly by lowering the concentration of hydrogen itself, which is known to be a competitive inhibitor of nitrogenase (Dixon, 1972; Eisbrenner & Evans, 1983; Phillips, 1980; Bothe et al., 1978; Guth & Burris, 1983; Salminen & Nelson, 1984) . These putative beneficial effects of the hydrogenase have, in many cases, been inferred from laboratory studies in which acetylene reduction rates have been measured as a function of hydrogen-consuming reactions. Only in Rhizobium-legume associations have these benefits been reported in terms of enhanced nitrogen fixation and growth yields; these studies are subject to the criticism that genetic variance other than that in the hydrogenase (Hup) content alone may have led to variation in nitrogen fixation performance (Eisbrenner & Evans, 1983) .
As far as free-living nitrogen fixers, including cyanobacteria, are concerned, no demonstration has been reported of any beneficial effect of hydrogenase activity on growth and nitrogen content, and as yet no isogenic Hup-cyanobacterial mutants have been isolated for such studies. In this work we have taken advantage of the discovery that hydrogen metabolism is nickeldependent (Daday & Smith, 1983) to compare the growth and total nitrogen content of cultures which readily consume hydrogen gas with those which do not.
M E T H O D S
Cyanobacteria and growth conditions. Anabaena cjlindrica (American Type Culture Collection no. 27899) was grown in the medium of Allen & Arnon (1955) , modified as below, with one-eighth strength concentrations of all components except phosphate (0.02 mM) and nickel sulphate. For routine growth, cultures were sparged with 0.304 COz in air at about 170 cm3 min-I (Daday et al., 1977) . The gas composition was varied in some experiments as indicated in Results. Gas mixtures were made with Tri-flat variable area gas flowmeters (Fischer & Porter Co., Penn., USA).
For all cultures grown without added nickel sulphate, steps were taken to avoid contamination by nickel ions from glassware, plastic, water and chemicals. All glassware was acid-washed as described by Thiers (1957) and Klucas et al. (1983) . Plastic (polyethylene) was also washed as described in the latter reference. Water was prepared by distillation, filtration and deionization in a Millipore Milli-Q water purification system. K 2 H P 0 4 . 3 H z 0 was extracted with 0.02% dithizone in redistilled CHC1, (Klucas et al., 1983) . All other chemicals, except CaCl,, Cr2(S0,)3K2S0,. 24H20 and Na, WO,. 2H20, were Specpure grade and obtained from Johnson Matthey, London, UK. The Specpure iron and titanium salts were as [(NH,),SO,]FeSO,. 6 H 2 0 and (NH,),[TiO(C20,)2]. H 2 0 , respectively, rather than as specified by Allen & Arnon (1955) . The removal of trace nickel ions from the medium was verified using a Varian atomic absorption spectrophotometer (model AA 1475) with a carbon rod furnace (model G T A95); the standard addition method was used and revealed that nickel was present at a concentrationof less than 0.1 p.p.b. (1.7 nM). Cultures grown in the presence of nickel were identical in all respects except that nickel sulphate was added.
All cultures were grown to exponential phase and harvested at the indicated concentrations as measured by a Klett -Summerson colorimeter (Mallette, 1969) .
Dry weights were usually determined by collecting duplicate 10 ml volumes of cultures and washing once with water, before drying overnight at 85 "C. In some cases cells were dried directly and a similar volume of medium was also dried. Subtraction of its weight provided the weight of cells.
Assays. Hydrogen uptake by nickel-containing cultures was measured by gas chromatography as described previously (Lambert & Smith, 1980; Daday & Smith, 1983) with an initial gas phase of loo/, Hz and 207; O2 in argon. Nickel-depleted cultures produced hydrogen in this gas phase. Cells were concentrated to 750 Klett units for these assays.
Nitrogenase-catalysed hydrogen formation was measured under a gas phase of argon alone (Lambert & Smith, 1980) . Cell concentrations were approximately 250 Klett units. N itrogenase activity was measured as acetylene reduction (Lambert & Smith, 1980) . Cell concentrations were approximately 250 Klett units. Hydrogenase was measured with dithionite-reduced methyl viologen as described previously (Lambert & Smith, 1980) with 2 mMmethyl viologen and 20 mM-sodium dithionite.
Total nitrogen was measured by the micro-Kjeldahl procedure as described by Bergersen (1 980). Cell suspensions ( 5 ml) of approximately 250 Klett units were dried to constant weight, digested and diluted to 10 ml with water. A suitable volume (usually 0-5 ml) containing up to 15 pg nitrogen was then taken for ammonia recovery. This was done by the diffusion method, using Erlenmeyer flasks into which stoppers containing filter paper held by Nichrome wire were inserted. The filters were impregnated with 1-125 M-H2S0, ( 5 PI); it was found to be important not to add more acid than this since the colour development was retarded substantially in proportion to the amount of acid used. Nitrogen excreted into the medium was determined after concentrating the medium suitably by rotary evaporation.
Phycocyanin was determined by measuring the A,2o of supernatants obtained by centrifugation of cells which had been frozen and thawed three times in liquid nitrogen (Neilson et al., 1971) . A specific absorption coefficient of 7.9 was used (Craig & Carr, 1968) .
Chlorophyll was determined by the method of Weissman 8~ Benemann (1977). Light intensity. This was measured as photosynthetically active radiation with a Li-cor Model LI-185B quantum/radiometer/photometer attached to a quantum sensor. Cells were grown at the light intensities indicated in the text. Hydrogen exchange and acetylene reduction were measured under a light intensity of 120 pE s-I m-?.
R E S U L T S
Optimal nickel ion concentration ,for hydrogen consumptioil Cultures were grown in medium which was made either 0.17 PM, 0.68 PM, 1.7 PM or 17 CLM with respect to nickel sulphate concentration, corresponding to 1 x , 4 x , 10 x and 100 x that of Allen & Arnon (1955) medium, respectively. Both the growth rate and hydrogen uptake capacity of the cells were measured over 5 d. There was negligible effect of nickel on the growth rate up to 1.7 PM although some diminution of rate was apparent at 17 p~; after 5 d growth at 17 p~ the culture was visibly yellow indicating toxicity effects due to this concentration of nickel ions. The maximal hydrogen consumption rate (175 nmol h-l mg-l), measured after 5 d growth, was observed at 0.68 pM-NiSO, and because of this result, together with those of Daday & Smith (1983) , this concentration of nickel ions was chosen for all subsequent experiments.
A corviparison of nickel-depleted and nickel-containing cultures Cultures were grown under four sets of experimental growth conditions (1 to 4 in Table 1 ). All cultures were supplemented with 0.304 COz and some were bubbled with Hz gas (4%) to maximize the effect of hydrogen-supported metabolism. Dark/light regimes were used to test whether dark oxyhydrogen reactions favoured growth and nitrogen fixation in hydrogenmetabolizing cultures. Finally, cultures were grown anaerobically in full light where hydrogenase may have been induced in vegetative cells . Doubling times were calculated in each case (Table 1) .
In all experiments a dramatic difference in hydrogen metabolism was observed depending on the presence or absence of nickel ions. For example, as shown in Fig. I , nickel-containing cultures consumed hydrogen actively under 1 Oo//, H,/2001~ OJargon whereas hydrogen evolution due to the nitrogenase reaction was observed in nickel-depleted medium under the same conditions. Fig. 2 shows results of an experiment done after growth in air/H,/COz on a dark/light (12/12 h) regime (growth conditions 1, Table 1 ). Measurements of several parameters were made at three stages during the growth period. Fig. 2(a) shows the rate of net hydrogen exchange (measured from experiments such as that in Fig. 1 ) during the experiment. Fig. 2(c) shows the activity of the nitrogenase at each time (as acetylene reduction) and Fig. 2(b) shows the initial rate of hydrogen formation with no acetylene added to the gas phase. Again, although the absence of' nickel from the growth medium abolishes net hydrogen consumption (Fig. 2a) , and hence greatly influences the net rate of hydrogen production in argon (Fig. 2b) , there is no significant difference in nitrogenase activity itself (Fig. 2c) . The differences in hydrogen metabolism can thus be taken to be due to differences in hydrogen consumption via hydrogenase with no influence on the hydrogen production by nitrogenase. Clearly there has been no adjustment in nitrogenase activity by the cells to compensate for any differences conferred on the metabolic efficiency of the organism by nickel depletion.
Despite these marked differences in hydrogen metabolism no differences were observed in growth rates, as measured spectrophotometrically (Table 1) or by dry weight determination (Fig.  3) , or in total nitrogen fixed (Fig. 3) . This was measured by micro-Kjeldahl determinations of nitrogen contained in the cells themselves and that excreted into the medium. In addition, Table 1 ). The cells were then incubated under a gas phase of argon supplemented with 10% H2 and 20% 02. Hydrogen consumption is observed with the nickel-containing culture ( 0 ) whereas hydrogen formation is observed with the nickeldepleted culture (0). during the course of the experiment there were no distinguishable trends in either the amount of the nitrogen storage protein phycocyanin or in the chlorophyll content (Fig. 3) .
Measurements similar to those shown in Figs 2 and 3 were made for each of the other growth conditions described in Table 1 . In each case, despite big differences in hydrogen metabolism between nickel-grown and nickel-deficient cultures, no differences were observed in any of the other parameters, including growth rates and total cellular nitrogen. This last parameter is shown for each set of growth conditions in Fig. 4 .
Hydrogenase activity measured with dithionite-reduced methyl viologen
In many of the experiments hydrogenase activity was measured as hydrogen released by dithionite-reduced methyl viologen. A typical result (Fig. 5 ) shows that this activity is only significantly present in nickel-containing cultures and therefore presumably is a result of a nickel-dependent hydrogenase enzyme.
DISCUSSION
In this study we have been unable to demonstrate any significant benefit of the capacity for hydrogen metabolism on either the growth or nitrogen fixation of the cyanobacterium A . cylindrica. This is surprising in the light of several reports demonstrating hydrogen-supported nitrogenase activity, both involving light-driven electron transport and the oxyhydrogen reaction in the dark (Lambert & Smith, 1981; Houchins & Burris, 1981a) . Most of such experiments involved measurements of acetylene reduction as a measure of nitrogenase and it appears that the results cannot be extrapolated to the situation of nitrogen fixation itself, at least for exponential phase cultures under the conditions used here. Even with severely energystressed (low light) cells, grown on a dark/light cycle in which the oxyhydrogen reaction was operative, no advantage in terms of growth rate or total nitrogen fixed was conferred by the ability to metabolize hydrogen gas. Our method of deleting hydrogenase activity, namely by deletion of nickel ions from the growth medium, deserves comment since nickel may have a role in cell functions other than hydrogen metabolism. It is unlikely that nickel was toxic to the cyanobacteria at the concentration (0-68 VM) used for most of the experiments. For example, we found no decrease in growth rate or change in cellular appearance up to 1.7 pl-nickel sulphate and even a 17 p~ concentration allowed a good rate of cell growth, although this concentration did produce yellowing of cultures indicating toxicity. Although algae and cyanobacteria are amongst the most sensitive organisms to nickel (Babich & Stotzky, 1983 ) our own conclusion that nickel is unlikely to have caused toxicity problems is substantiated by other reports. For example, Spencer & Greene (1981) reported that A . cvlindrica and A . flos-aquae were unaffected by concentrations up to 10.2 VM.
Interestingly, deleting nickel from the growth medium has no effect on cell growth through inhibition of other nickel-requiring processes. Nickel is required in bacteria for three enzymes other than hydrogenase, these being urease, methyl CoM reductase and carbon monoxide dehydrogenase (Thauer, 1983) . However, the last two are unlikely to occur in cyanobacteria. Urease occurs in several cyanobacteria (Berns et al., 1966) and is present in A . cylindrica (results not shown), yet from the present study it appears to be non-essential for the growth of the organism under nitrogen-fixing conditions. Alternatively this organism, if required to metabolize urea during normal nitrogen metabolism, may possibly use the other ureametabolizing enzyme ATP : urea amidolyase (Stewart, 1980; Welch, 1981) , which may not be nickel-dependent ; this point requires investigation. The lack of a growth requirement for nickel is particularly interesting in the light of recent evidence that it is an essential micronutrient in higher plants (Welch, 1981 ; Eskew et al., 1983) , and also because the growth of one Oscillatoria species of cyanobacteria has been shown to be nickel-dependent (Van Baalen & O'Donnell, 1978) .
The work reported in the present study poses two important questions. The first concerns whether the free-living cyanobacteria differ from symbiotic bacteria such as Rhizobium, for which there is evidence for a role of hydrogen recycling in enhanced plant performance. An interesting observation with the symbiotic systems is that hydrogen metabolism seems to be more important in the carbon economy of nodules than in their nitrogen economy (Eisbrenner & Evans, 1983) . For example, a study of cowpea symbioses with low and high hydrogen-evolving strains of Rhizobium revealed no differences in total dry matter production or in total nitrogen fixed but that the carbon usage of hydrogen-using strains was significantly enhanced (Rainbird et al., 1983) . Whether such observations can be extrapolated to the photosynthetic cyanobacteria remains to be determined. The second question relates to the physiological significance of the uptake hydrogenase of A . cylindrica and the nature of the growth conditions which would have provided the selective pressure for its retention over evolutionary time. It is possible, as Kessler (1974) proposed for algae, that the enzyme is a phylogenetic relic, strikingly resistant to mutation, which arose on an anaerobic Earth but would be unlikely to appear anew under aerobic conditions. Alternatively, the enzyme may have another function, perhaps not related to hydrogen metabolism, which has hitherto not been identified.
It should also be noted that the hydrogenase of the vegetative cells has not been assigned a physiological function (Lambert & Smith, 1981) . It does not appear to function in poising the photosystems after a period of dark, anaerobic incubation (unpublished observation), as does the enzyme of Chlorella (Kessler, 1973) , although it has been reported to catalyse biophotolysis in photobleached cells (Laczko & Barabis, 1981) . Perhaps its function is only significant at very low light intensities in anaerobic conditions (Houchins & Burris, 1981 6) . Whatever its functional significance for the organism, this study has shown that the vegetative cell enzyme, assayed with the artificial electron donor methyl viologen, is nickel-dependent (Fig. 5) . This contradicts the finding of Daday & Smith (1983) and probably relates to the more stringent steps taken to exclude nickel from the growth medium in the present study.
The biological significance of cyanobacterial hydrogen metabolism may well be related more to ecological than physiological factors. In all the experiments reported here the nickel-depleted cultures evolved hydrogen even in air (results not shown), confirming the report of Daday & Smith (1983) and contradicting what until that time was the prevailing view that 'there is little or no hydrogen evolution from cyanobacteria under physiological conditions' (Evans et al., 198 1) . Nickel concentrations vary greatly in natural ecosystems (Babich & Stozky, 1983 ) and hydrogen gas is known to be an important intermediate in the growth of bacterial communities (Wolin, 1982) , so cyanobacteria may in nature occupy a key position in such communities more by virtue of their hydrogen release than hydrogen uptake. This possibility needs more detailed attention.
The authors acknowledge financial assistance from the Australian Research Grants Scheme (Grant no. D283 15466 I) and from the Australian National University Faculties Research Fund.
We thank Mrs Rena Chao and Miss Brenda J. Stevenson for the nickel analysis.
